Background. Exposure of renal epithelial cells to oxalate (Ox) or calcium oxalate (CaOx) crystals leads to the production of reactive oxygen species and cell injury. We have hypothesized that Ox and CaOx crystals activate NADPH oxidase through upregulation of its various subunits. Methods. Human renal epithelial-derived cell line, HK-2, was exposed to 100 μmol Ox or 66.7 μg/cm 2 CaOx monohydrate crystals for 6, 12, 24 or 48 h. After exposure, the cells and media were processed to determine activation of NADPH oxidase, production of superoxide and 8-isoprostane (8IP), and release of lactate dehydrogenase (LDH). RT-PCR was performed to determine mRNA expression of NADPH subunits p22 phox , p40 phox , p47 phox , p67 phox and gp91 phox as well as Rac-GTPase. Results. Exposure to Ox and CaOx crystals resulted in increase in LDH release, production of 8-IP, NADPH oxidase activity and production of superoxide. Exposure to CaOx crystals resulted in significantly higher NADPH oxidase activity, production of superoxide and LDH release than Ox exposure. Exposure to Ox and CaOx crystals altered the expression of various subunits of NADPH oxidase. More consistent were increases in the expression of membrane-bound p22 phox and cytosolic p47 phox . Significant and strong correlations were seen between NADPH oxidase activity, the expression of p22 phox and p47 phox , production of superoxide and release of LDH when cells were exposed to CaOx crystals. The expressions of neither p22 phox nor p47 phox were significantly correlated with increased NADPH oxidase activity after the Ox exposure. Conclusions. As hypothesized, exposure to Ox or CaOx crystals leads to significant increases in the expression of p22 phox and p47 phox , leading to activation of NADPH oxidase. Increased NADPH oxidase activity is associated with increased superoxide production and lipid peroxidation. Different pathways appear to be involved in the stimulation of renal epithelial cells by exposure to Ox and CaOx crystals.
Introduction
We and others have hypothesized that the formation of calcium oxalate (CaOx) kidneys stones is most likely a result of renal cellular dysfunction and the interaction between the renal cells and oxalate (Ox) and CaOx crystals [1] . Animal model and tissue culture studies have shown that exposure of renal epithelial cells to Ox and/or CaOx crystals leads to protective as well as injurious responses. While transitory exposures to the two result in the production of protective macromolecules, long exposure to higher concentrations is injurious to renal epithelial cells. It is also becoming apparent that both responses are mediated by reactive oxygen species [2] . The generation of large amounts of free radicals plays a major role in tissue injury; however, regulated generation of low concentrations of oxygen radicals may represent a second messenger system of generation of cytokines that are involved in tissue injury and repair in general [3] .
Attention is currently focused on NADPH oxidase as a critical determinant of the redox state of the kidney [4, 5] . In addition, overstimulation of NADPH oxidase leads to oxidative stress and cell injury [4] . Results of recent studies indicate that NADPH oxidase is involved in the generation of free radicals which may represent a second messenger system for the induction of molecules such as monocyte chemoattractant-1 (MCP-1) and osteopontin (OPN) in renal epithelial cells exposed to COM crystals [6] . Both OPN and MCP-1 are involved in crystal-induced inflammation in various organs including the kidneys. Osteopontin also plays a key role in biomineralization, including kidney stone formation where it modulates crystal nucleation, growth, aggregation and retention within the renal tubules [7, 8] . We have already shown that pre-treatment of renal epithelial cells in culture to diphenileneiodium chloride (DPI), an inhibitor of NADPH oxidase, leads not only to a reduction in the production of reactive oxygen species and MCP-1 and OPN but also to Ox-and CaOx crystal-induced cell injury [9] . The outcome of Ox and CaOx crystal exposure on activation of NADPH oxidase and the expression of its various subunits in the renal epithelial cells has, however, not yet been investigated. We decided to investigate this aspect using a human renal epithelial cell line, the HK-2 cells. Previously, we have shown that HK-2 cell exposure to Ox as well as CaOx monohydrate crystals leads to the production of reactive oxygen species and an increase in MCP-1 mRNA expression and synthesis [10, 11] . In addition, longer exposure to higher concentrations results in lipid peroxidation and cell injury, which are reduced by antioxidant treatments. We hypothesize that Ox-and CaOx crystal-induced reactive oxygen species are produced by the upregulation of various subunits of NADPH oxidase and its increased activity. Injury is caused by increase in superoxide production and lipid peroxidation.
Materials and methods

Cell culture
Human kidney epithelial-derived cell line, HK-2, was obtained from the American Type Culture Collection (CrL-2190; Manasses, VA, USA). Cells were maintained as continuously growing monolayers in 75-cm 2 Falcon T-flask (Fisher, Atlanta, GA, USA) in a culture in 1:1 ratio Dulbecco's modified essential medium nutrient mixture and F-12 (DMEM/ F-12, Gibco BRL, Grand Island, NY, USA) containing 4% fetal calf serum, 15 mmol/L HEPES, 20 mmol/L sodium bicarbonate, 0.5 mmol/L sodium pyruvate, 17.5 mmol/L glucose, streptomycin and penicillin at 37°C in a 5% CO 2 air atmosphere incubator. Under these conditions, the cells achieved confluence. They were washed with serum and sodium pyruvate-free DMEM/F-12 media. Then, the cells were exposed to potassium oxalate (Ox: 100 μmol; Fisher, Norcross, GA, USA; Cat. # P-273), CaOx monohydrate (COM: 66.7 μg/cm 2 ; BDH Limited, Poole, England; Cat. # 27609). The cells were incubated for 6, 12, 24 and 48 h. The duration of cell exposure and concentration of Ox and COM crystals to which cells were exposed to the selected base on results of earlier studies. The results obtained with 100 μmol Ox and 66.7 μg/cm 2 CaOx monohydrate crystals were consistent and proved to be challenging but less injurious in short-term exposure.
After incubation with additives, the cells were collected for detection of NADPH oxidase units and activity. The media were retained for detection of lactate dehydrogenase (LDH) for cell viability, WST-1 for superoxide presence and 8-isoprostane (8-IP) as a marker of lipid peroxidation. Control cultures were untreated cells.
Cell viability-lactate dehydrogenase
The media were aliquoted to designated wells of a 96-well plate (Fisher Scientific, Norcross, GA, USA; Cat. # 21-377-205). The CytoTox 96 Non-Radioactive Cytotoxicity assay kit (Fisher Scientific, Norcross, GA, USA; Promega, Cat. # PR-G1780) was used to determine percent release of LDH. The substrate (supplied with kit) was added to all samples, positive control (cells lysed with lysis solution supplied with kit) and blanks (acclimatization media). The plate was incubated at room temperature for 30 min in the dark. Stop solution (supplied with kit) was added to all samples, positive control and blanks. Optical density absorbency was read at 490 nm on a Bio-Rad 3550 microplate reader (Bio-Rad, Hercules, CA, USA).
Lipid peroxidation-8-isoprostane
Determination of lipid peroxidation was carried out using a kit from Oxford Biomedical Research (Urinary Isoprostane, Cat. # EA84). Briefly, after incubation times to additives to the cells, the media were collected, and 100 μL in duplicate was added to the designated well of a 96-well plate (supplied with kit). One hundred microlitres of standard (supplied by kit), diluted samples and reagent blank (enhanced dilution buffer supplied by kit) was added to designated wells in a 96-well plate (supplied by kit). One hundred microlitres of diluted 15-isoprostane F 2t HRP conjugate (supplied by kit) was added to all well, except for the reagent blank. The plate was incubated at room temperature for 2 h. After incubation, the plate was washed three times with wash buffer (supplied by kit). Two hundred microlitres of substrate (supplied by kit) was added to each well and incubated at room temperature for 20-40 min (or until an appreciable blue hue was observed in the standard blank reagent). Three molars of sulphuric acid was added to each well to stop reaction. The plate was then read using a Bio-Rad 3550 microplate reader at 450 nm. The concentration of urinary 8-isoprostane in the sample was calculated by reference to its assay absorbance compared with the standard curve.
Extracellular superoxide dismutase activity-WST-1 assay Determination of superoxide production was carried out by using an assay by Dojindo Molecular Technologies (Cat. # S311-08, Gaithersburg, MD, USA). Briefly, the media were collected from monolayers and aliquoted into designated wells of a 96-well plate. First, the sample solution (supplied with kit) was added to the samples and blank 1, and then, the WST working solution (supplied with kit) was added to each well and mixed by pipette. Next, the dilution buffer (supplied with kit) was added to the wells of blank 2 and 3. Then, the enzyme working solution (supplied with kit) was added to samples and blank 1 and mixed thoroughly using a plate shaker. The 96-well plate was incubated at 37°C for 20 min and then read at 450 nm using a Bio-Rad 3550 microplate reader. The SOD activity (inhibition rate, %) was calculated using the assays formula (supplied with kit).
NADPH oxidase activity
The assay used to determine NADPH oxidase activity was derived from Rao, PV et al. (Molecular Vision 2004 10:112-21). After incubation with additives, the cells were washed with ice-cold DPBS, scraped off into DPBS with a rubber policeman and collected into 15-mL conical tubes. The samples were centrifuged at 750g at 4°C for 10 min, and the supernatant was aspirated and resuspended in 2 mL of working Reagent A (potassium phosphate solution with 50 μL of 10 μg/mL aprotinin, 25 μg/mL leupeptin and 1 mM PMSF). Then, the cell suspension was homogenized on ice with a cell homogenizer at 20 strokes. An aliquot of homogenate was added to working Reagent B [50 mM DPBS (Mediatech), 1 mM EGTA, 150 mM sucrose in distilled, deionized water] in 12 × 75-mm polystyrene tubes. The tubes were read using a luminometer. Photoemission expressed in terms of relative light units (RLU) was measured at time zero and every minute for 5 min. The final concentration was calculated as follows: RLU/mg of total protein = OD/mg of total protein at each time interval.
Total RNA isolation
The total RNA was collected using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA; Cat. # 15596-018). Briefly, the media were removed from the cells, and TRIzol was added directly to the cell monolayer. The cells were collected in 2-mL microcentrifuge tubes, the chloroform was added, and the tubes were shaken vigorously for 15 s and then incubated at room temperature for 3 min. The tubes were then centrifuged at 12 000g for 10 min at 4°C. The aqueous layer was carefully collected and transferred to a 1.5-mL microcentrifuge tube. Isopropanol was added to the tube to precipitate the RNA. The samples were incubated at room temperature for 10 min and then centrifuged at 12 000g for 10 min at 4°C. The supernatant was removed, and the RNA pellet was washed with 70% ethanol. RNA was then dissolved in water and kept at −80°C until use.
RT-PCR
cDNA was generated using Invitrogen's SuperScript III First-Strand Synthesis System (Carlsbad, CA, USA; Cat. # 18080-051). Briefly, 5 μg of total RNA was added to a 0.5-mL tube with 50 μM Oligo(dT) 20 , 10 mM dNTP mix, and DEPC-treated water for a final volume of 10 μL. The sample was incubated at 60°C for 5 min and then placed on ice for PCR products were separated by 2% agarose gel electrophoresis (120 V for 1.5 h) in 1 × TBE buffer, stained with ethidium bromide (0.5 μg/mL) and visualized under ultraviolet light, then photographed using the Stratagene EagleEye Densitometer (La Jolla, CA, USA).
Statistical analysis
Unpaired t-test was used for comparison between two means. P-values <0.05 denoted the presence of statistically significant difference. Realtime PCR, ELISA, 8-IP, SOD and LDH assay were done for four different samples (n = 4). Correlation coefficient r was obtained using a linear (Pearson) correlation test. Probabilities of P < 0.05 were considered significant.
Results
Expression of NADPH oxidase subunits
There was an initial reduction in the expression of membrane subunits gp91 phox and p22 phox after the exposures to both the Ox and CaOx crystals ( Figure 1A and B) . Expression of gp91 phox increased after 24-h exposure to Ox, while that of p22 phox went up after similar exposure to CaOx crystals. There was no change in the expression of both p22 phox and gp91 phox in the unexposed control cells for 48 h.
Expression of cytosolic unit p47 phox increased significantly, compared with their respective control, after exposures of 12, 24 or 48 h to both the Ox and CaOx crystals (Figure 2A ). There was no change in the expression of p47 phox in the unexposed control cells during the experimental period of 48 h. Significant change in the expression of p40 phox was seen only after 24 or 48 h of exposure. It increased significantly after 24-h exposure to oxalate and then decreased significantly after 48-h exposure compared with their controls. CaOx crystals exposure for 24 or 48 h, on the other hand, caused a significant decrease in the expression of p40 phox ( Figure 2B ). For other time periods, it was lower in exposed cells than the control cells. Expression of p40 phox increased gradually in the unexposed controls reaching significant levels from the baseline after 24 or 48 h. Expression of p67 phox similarly increased over time in the unexposed cells reaching significant levels after 12, 24 or 48 h ( Figure 2C ). p67
phox expression increased after 6-h exposure to both the Ox and CaOx crystals. Thereafter, either it stayed the same as in the control or the expression went down except on exposure to CaOx crystals after 12 h of exposure when it increased significantly. The expression of GTPase rac increased significantly in the unexposed cells after 12-, 24-or 48-h exposures ( Figure 2D ). A similar increase over 6-h exposure was seen after 12-, 24-or 48-h exposure to oxalate. Exposure to CaOx crystals demonstrated mixed responses. A significant increase was seen after 12-h treatment, while a reduction was seen after 24-h exposure. NADPH oxidase activity and production of superoxide NADPH oxidase activity was determined based on superoxide-induced lucinigen photoemission. Exposure of renal epithelial cells to both the Ox and CaOx crystals resulted in significant increase of lucigenin chemiluminescence measured in RLU (Figure 3 ) as well as RLU/mg protein. However, there were no significant time-dependent differences in the Ox-induced NADPH oxidase activities. The activity generally stayed the same after 6, 12, 24 or 48 h of Ox exposure. On the other hand, CaOx crystalinduced NADPH oxidase activities not only were higher than those in the control unexposed cells but also increased over time in the exposed cells. The highest significant increase in NADPH oxidase activity was seen after a 12-h exposure to CaOx crystals. CaOx crystalinduced NADPH oxidase activity was significantly higher than Ox-induced activity. The increase in NADPH oxidase activity following an exposure to CaOx crystals was positively and significantly related to changes in the expression of p22 phox (r = 0.85, two-tailed P = Upregulation of p22 phox and p47 phox by calcium oxalate 1781 0.0005) and p47 phox (r = 0.79, two-tailed P = 0.002). No such correlation was seen between NADPH oxidase activity and the expression of either p22 phox (r = −0.042, two-tailed P = 0.897) or p47 phox (r = 0.02, two-tailed P = 0.949) when cells were exposed to oxalate.
Superoxide production was determined indirectly by measuring inhibition of superoxide dismutase activity in the medium after cellular exposure to Ox or CaOx crystals. Exposure to both the Ox and CaOx crystals resulted in increased superoxide production (Figure 4) . However, the amounts produced after the two different exposures were different at different times. By 48 h, however, there was no significant difference in SOD production by cells exposed to Ox or CaOx crystals. There was a significant correlation between NADPH oxidase and superoxide production (r = 0.61, two-tailed P = 0.012) when cells were exposed to CaOx crystals. No correlation was seen when cells were exposed to oxalate alone (r = −0.46, P = 0.129).
Lipid peroxidation and cell injury
Exposure to Ox as well as CaOx crystals also resulted in increased production of 8-isoprostane ( Figure 5 ). The increase in the amount of 8-IP in the medium following exposure to Ox was also time-dependent. It increased significantly after exposure from 6 to 12 to 24 h. After 48 h, however, there was significantly reduced 8-IP production compared with 12-and 24-h exposures, but was still higher than the control levels. Exposure to CaOx crystals on the other hand resulted in increased production of 8-IP but only until 12 h. Subsequently, there was no increase in the production of 8-IP for the next 12 h, and then, the production showed a dramatic reduction after 48 h of exposure, ultimately reaching control levels. The controls did not show any significant change in 8-IP production over time. The correlation between NADPH oxidase activity and production of 8-IP was not significant when cells were exposed to CaOx crystals (r = 0.36, two-tailed P = 0.174) and slightly so when exposed to oxalate (r = 0.58, two-tailed P = 0.048).
Exposure of the HK-2 renal epithelial cells to both Ox and CaOx crystals resulted in the release of LDH into the medium, significantly more than in the controls ( Figure 6 ). The release of LDH was time-dependent, i.e. more LDH was released after longer exposure, with the maximum after 48 h, the longest exposure in our studies. Exposure to CaOx crystals led to the release of significantly more LDH into the medium than exposure to Ox. Interestingly, even in the controls, there was a significant increase in LDH release over time. There was a significant correlation between NADPH oxidase activity and LDH release when cells were exposed to oxalate (r = 0.69, two-tailed P = 0.0136) or CaOx crystals (r = 0.84, two-tailed P = 0.0007).
Discussion
Hyperoxaluria is a major risk factor, and crystals of CaOx are the major constituents of most idiopathic urinary stones [7] . Clinical as well as experimental studies have provided evidence that CaOx crystals and high Ox concen- tration are injurious to renal epithelial cells, and that the injury is most likely associated with the production of excessive amounts of reactive oxygen species and the development of oxidative stress in the kidneys [12] . Urine from stone patients had increased NAG and significantly higher α-glutathione S-transferase (α-GST), malondialdehyde (MDA) and thiobarbituric acid-reactive substances (TBARS), indicating that CaOx kidney stone-associated renal injury is most likely caused by the production of reactive oxygen species [13] . Urinary 8-hydroxydeoxyguanosine (8-OHdG), a marker of oxidative damage of DNA, was increased in stone patients and was positively correlated with tubular damage as assessed by urinary excretion of NAG [14] . All major markers of chronic inflammation including proinflammatory cytokines, adhesion molecules, microalbumin, myeloperoxidase, 8-OHdG, 3-nitrotyrosine and monocyte chemoattractant protein (MCP-1) were detectable in patients with renal stones [15] . Rats with experimentally induced hyperoxaluria showed increased urinary excretion of lipid peroxides in association with LDH. Support for the involvement of oxidative stress in CaOx nephrolithiasis was also provided by treating the hyperoxaluric rats with antioxidants. Administration of vitamin E to the hyperoxaluric rats resulted in the amelioration of their renal tubular injury and reduction in CaOx crystal deposition [16, 17] . Taurine treatment of the hyperoxaluric rats improved antioxidant status and resulted in a reduction of CaOx crystal deposition in the kidneys [18] . A reduction in renal epithelial injury and CaOx crystal deposition was also seen in hyperoxaluric rats treated with atorvastatin [19] . Renal cells exposed to CaOx crystals secrete superoxide in real time as measured by an electrochemical superoxide biosensor [20] . The presence of antioxidants produced a significant reduction in cell injury and improved the antioxidant status of the cells when exposed to oxalate or CaOx or CaP crystals [2] . Renal fibroblasts are also stimulated by the exposures to Ox and CaOx crystals. NRK49F exposed to Ox or CaOx crystals showed signs of injury and ROS-induced lipid peroxidation [21] . Major cellular ROS include superoxide anion (O 2 −• ), nitric oxide radical (NO • ), hydroxyl radical (OH • ) and hydrogen peroxide (H 2 O 2 ), which are generated by several pathways. O 2 −• anions are produced by NADPH oxidases, xanthine oxidase, lipooxigenase, cyclooxygenase and hemeoxygenase and as a by-product of mitochondrial respiratory chain. Both mitochondria and NADPH appear to be involved in the production of reactive oxygen species during renal epithelial exposure to high Ox and/or CaOx crystals [12] . Investigations using selective probes, substrates and inhibitors have shown that mitochondria play an important role in the production of CaOx crystal-induced superoxide production and glutathione depletion in both LLC-PK1 and MDCK cells [22] . In vivo CaOx crystal deposition in the kidneys correlates with depletion of mitochondrial glutathione [23] . Furthermore, the exposure to Ox caused a decrease in mitochondrial membrane potential in MDCK cells [24] . Isolated mitochondria responded to oxalate exposure by the accumulation of ROS, lipid peroxides and oxidized thiol proteins [25] .
NADPH oxidase is a major source of ROS in the kidneys [26, 27] , particularly in the presence of angiotensin II [28] . Angiotensin II is implicated in causing oxidative stress by stimulating membrane-bound NAD(P)H oxidase leading to increased generation of superoxide [29] . A significant reduction in hyperoxaluria-induced production of renal lipid peroxides after administration of AT 1 receptor blockers [30] or ACE inhibitors [31] was seen in hyperoxaluric rats. In addition, these treatments produced a reduction in TGF-β expression in the kidneys. TGF-β has been shown to participate in ROS production through the activation of NADPH oxidase. Ox-induced activation of NADPH oxidase in LLC-PK1 cells was associated with increased production of TGF-β 1 . Treatment with neutralizing TGF-β antibodies significantly reduced the generation of ROS [32] . Oxalate-induced injury of NRK52E cells was also significantly reduced in the presence of diphenyleneiodonium chloride (DPI), an NADPH oxidase inhibitor [9] . Prior incubation with 10 − 6 M DPI resulted in a reduction of oxalate as well as CaOx and brushite crystalinduced LDH release, and the production of H 2 O 2 and 8-isoprostane. In addition, DPI reduced both CaOx-and brushite crystal-induced gene expression and the production of MCP-1. Our previous study also demonstrated that DPI and catalase, a free radical scavenger, caused similar reductions in LDH release and production of H 2 O 2 and 8-isoprostane as well as MCP-1 gene expression and protein production. Ox activates NADPH oxidase by increasing PKC activity [33] .
Reduction in ROS production and injury by DPI treatment, as well as ACE inhibitors, suggests an involvement of NADPH oxidase in the Ox-and CaOx crystal-induced cell injury. Since DPI as well as apocynin can act through many pathways, we decided to investigate the actual changes in the enzyme and its activity. NADPH oxidase consists of six subunits, the two transmembrane units, p22 phox and gp91 phox ; and four cytosolic units, p47 phox , p67 phox , p40 phox and the small GTPase rac1 or rac2. The two transmembrane units, gp91 phox and p22 phox , associate with a flavin to make cytochrome b 558 . The gp91 phox unit is the core catalytic component for the electron transfer activity, while p22 phox has regulatory and stabilizing functions. Cytosolic units translocate to the membrane and assemble with the cytochrome to activate the enzyme. Several homologues of gp91 phox have been recognized. The NADPH oxidase enzyme transfers electrons to molecular O 2 via the flavin-containing subunit. Gp91 phox and the homologues Nox1 and Nox4 have been identified as the electron-transferring subunit. Nox4 with 39% sequence identity to gp91 phox , often called renal oxidase or renox, has high expression in various segments of the renal tubules and high constitutive activity [5] .
These results indicate that the HK-2 human renal epithelial cell line expresses all subunits of NADPH oxidase. There was no change in the mRNA expression of gp91 phox , p22 phox and p47 phox in the controls from 6 to 48 h, while the expression of other subunits increased gradually as the culture aged. A significant reduction in the expression of p22 phox after 6-h exposure to both Ox and CaOx crystals was followed by a gradual increase to control levels. A less striking reduction and recovery was seen in the expression . Both these units are situated in the membrane, and changes in the expression of their mRNA may indicate initial membrane involvement in cell response. Even though expression of all cytosolic units changed over time in both the control and treated cells, p47 phox expression showed a significant increase over control for all time periods. Previously, we examined changes in the expression of p47 phox in NRK52 E cells exposed to CaOx crystals in the presence or absence of DPI. Cells exposed to crystals showed enhanced expression of p47 phox , which was reduced following DPI treatment [6] . Docking of p47 phox and other cytosolic units with the cytochrome activates NADPH oxidase. This docking is inhibited by DPI and apocynin. DPI as well as apocynin treatment has also been shown to reduce oxalate-induced production of ROS by LLC-PK1 cells. That p47 phox is activated when renal epithelial cells are exposed to high Ox and CaOx crystals have also been indicated by the observations that administration of apocynin to hyperoxaluric rats is associated with reduced p47 phox expression in the kidneys and significantly reduced urinary excretion of 8-IP.
Both p22 phox and p47 phox have been shown to be involved in the development of oxidative stress in a number of other animal models of diseases with renal involvement [4, 34] . Enhanced renal expression of p47 phox , gp91 phox and p22 phox has been seen in the kidneys of diabetic humans [35] or animals [34, 36] . Expression of gp91 phox and p22 phox in parallel with 8-hydroxy-deoxyguanosine was increased in the kidneys of streptozotocin-induced diabetes in rats [37] . Apocynin treatment prevented the development of diabetic nephropathy in a rat model [4] . Activation of NADPH oxidase also plays a part in renal damage and dysfunction in salt-sensitive hypertension. Renal medullary p22 phox and p47 phox were elevated in salt-sensitive rats than consomic salt-tolerant ones [38] , and expression of p47 phox and gp91 phox was increased in renal cortex of the Sprague-Dawley rats [39] . Apocynin treatment of salt-sensitive rats on high salt not only lowered the expression of p47 phox , p67 phox , gp91 phox and p22 phox but also reduced NADPH activity and superoxide production as well as glomerular and interstitial damage [40] .
The results of the current study show that exposure to Ox and CaOx crystals is associated with not only an increase in LDH release and production of 8-IP, as previously demonstrated, but also increased NADPH oxidase activity and production of superoxide. In general, exposure to CaOx crystals resulted in significantly higher NADPH oxidase activity, production of superoxide and LDH release than Ox exposure. The results of 8-IP are, however, ambiguous. As hypothesized, exposure to Ox and CaOx crystals affected the expression of various subunits of NADPH oxidase. More consistent were increases in the expression of membrane-bound p22 phox and cytosolic p47 phox from 6 to 48 h after exposures to Ox or CaOx crystals. Increased NADPH activity preceded the upregulation of p22 phox and p47 phox , because initial activation is accomplished through assembly of the existing subunits. Significant and strong correlations were seen between NADPH oxidase activity, the expression of p22 phox and p47 phox , production of superoxide and release of LDH when cells were exposed to CaOx crystals. The expressions of neither p22 phox nor p47 phox were significantly correlated with increased NADPH oxidase activity after the Ox exposure. The divergence may indicate that more than one pathway is involved. Ox and CaOx crystals appear to be stimulating different pathways.
